Abstract Polyhydroxybutyrate (PHB) is known to have applications as medical implants and drug delivery carriers and is consequently in high demand. In the present study the possibilities of harnessing potential PHB-producing vibrios from marine sediments as a new source of PHB was investigated since marine environments are underexplored. Screening of polyhydroxyalkanoate (PHA)-producing vibrios from marine sediments was performed using a fluorescent plate assay followed by spectrophotometric analysis of liquid cultures. Out of 828 isolates, Vibrio sp. BTKB33 showed maximum PHA production of 0.21 g/L and PHA content of 193.33 mg/g of CDW. The strain was identified as Vibrio azureus based on phenotypic characterization and partial 16S rDNA sequence analysis. The strain also produced several industrial enzymes: amylase, caseinase, lipase, gelatinase, and DNase. The FTIR analysis of extracted PHA and its comparison with standard PHB indicated that the accumulated PHA is PHB. Bioprocess development studies for enhancing PHA production were carried out under submerged fermentation conditions. Optimal submerged fermentation conditions for enhanced intracellular accumulation of PHA production were found to be 35°C, pH −7, 1.5 % NaCl concentration, agitation at 120 rpm, 12 h of inoculum age, 2.5 % initial inoculum concentration, and 36 h incubation along with supplementation of magnesium sulphate, glucose, and ammonium chloride. The PHA production after optimization was found to be increased to 0.48 g/L and PHA content to 426.88 mg/g of CDW, indicating a 2.28-fold increase in production. Results indicated that V. azureus BTKB33 has potential for industrial production of PHB.
Introduction
Polyhydroxyalkanoates (PHAs) are biodegradable materials that are accumulated to store carbon and energy in various microorganisms (Keshavarz and Roy 2010) . PHAs, being biocompatible and non toxic, have extensive applications in medicine as a tissue engineering material (Chen and Wu 2005) , in drug delivery, and in wound management (Simon and Martin 2002) . Due to their wider range of properties, i.e., as thermoplastics to elastomers, they find several applications in the domestic (Glazer and Nikaido 1994) , agriculture (Dobbelaere et al. 2001) , and industrial (Chen et al. 2000) fields.
Among the candidates for biodegradable plastics, PHAs have drawn much attention due to their complete biodegradability and the similarity of their material properties to conventional plastics (Luengo et al. 2003) . Polyhydroxybutyrate (PHB) is the most commonly used PHA, and the metabolic pathways of PHB have been elucidated in detail (Khanna and Srivastava 2005) . The properties of PHB are similar to those of various synthetic thermoplastics such as polypropylene. Bacteria accumulate polyesters like polyhydroxyalkanoates (PHAs) under unbalanced growth conditions of carbon substrate in excess of other nutrients like nitrogen, sulfur, phosphorus, or oxygen (Madison and Huisman 1999) . More than 140 different monomeric units have been identified as constituents of PHA in different bacteria (Steinbuchel 2005) ; this variety being influenced by type of microorganisms, media ingredients, fermentation conditions, modes of fermentation, and the recovery process (Keshavarz and Roy 2010) , all contributing to the difference in the physical and chemical characteristics of PHAs. Although low productivity was reported in several studies, the versatility of these biopolymers makes them good candidates for high-value, low-volume products. Hence, there is an increase in the need to screen large numbers of PHA producers, with diversity of monomers and high yield as desirable traits.
Accumulation of PHA reportedly enhances survival of microorganisms under adverse environmental conditions (López et al. 1995) . Microbial mats with their considerably high diversity and challenging environments are potential sources for isolation of novel PHA-accumulating strains (López-Cortés et al. 2008) . Until recently, there were only a few reports on marine PHA-producing microorganisms (Sun et al. 1994; Weiner 1997; Ayub et al. 2004; Rawte and Mavinkurve 2004; Chien et al. 2007; López-Cortés et al. 2008; Arun et al. 2009; Wei et al. 2011; ) . Vibrios are reported to be dominant among the commensally heterotrophic bacteria in Cochin backwaters and near-shore areas of the west coast of India (Chandrasekaran et al. 1984) . In this context, the present study focuses on isolation of PHA-accumulating vibrios from diverse marine benthic environments of the Indian subcontinent and optimization of bioprocess variables and media constituents for enhanced production of PHA.
Materials and methods

Sample collection and isolation of vibrios
Sediment samples were collected from marine environments like estuaries, salt pans, mangroves, and coastal waters along the southwest (9.9°N 76°E) and east (8.76°N 78°E) coast regions of peninsular India. Sediment samples were serially diluted using physiological saline (0.85 % NaCl solution in sterile water). 50 μl of the diluted samples were spread plated on Thiosulphate Citrate Bile salt Sucrose (TCBS) agar plates (Himedia, Mumbai, India) and incubated at 37ºC for 24 h. The isolates obtained were identified as Vibrio sp. based on the morphological and biochemical characteristics outlined in Bergey's manual of determinative bacteriology (Buchanan and Gibbons 1974) .
Preliminary screening on Nile blue a agar plate Preliminary screening of PHA-producing isolates was done using a Nile Blue A agar plate assay. Bacterial polyhydroxyalkanoate (PHA) accumulation was identified by spot inoculation of cell culture onto complex nitrogenlimiting agar plates containing PHA production medium (10 g of NaC1, 3.7 g of Na 2 HPO 4 , 1.0 g of KH 2 PO 4 , 0.5 g of (NH 4 ) 2 HPO 4 , 0.2 g of MgSO 4 ·7H 2 0, 2 ml of glycerol, 5 g of Bactotryptone, and 0.5 g of yeast extract per liter) outlined by Sun et al. (1994) with Nile Blue A (1 μg/ml) and agar (2 %). The plates were incubated at 37°C for three to four days. Accumulation of lipid storage compounds including PHAs in the cells was detected from fluorescence induced by exposing the colonies to ultraviolet light (Spiekermann et al. 1999 ).
Secondary screening in submerged fermentation conditions
Asecondary screening of vibrios that showed PHA production on Nile Blue A agar plates was done using the complex PHA production medium (Sun et al. 1994) as detailed above with glycerol (1 %) as the carbon source (Sun et al. 1994) , employing submerged fermentation conditions and a nutrient medium with 1 % NaCl as the medium for seed preparation. An aliquot of 50 ml of complex PHA production medium with glycerol (1 %) as the carbon source was placed in a 250 ml Erlenmeyer flask. The medium was inoculated with 1 % (v/v) of 12 h-old culture (O.D. 600 =1.00) and incubated in an environmental shaker (Orbitek, Scigenics, India) at 30°C at 150 rpm. After 48 h, the cells were harvested by centrifugation at 8,000 rpm for 15 min at 4°C.
PHAs were recovered from the dry cell mass by the extraction method outlined by Dong and Sun (2000) . Briefly, the cell pellet, after washing with 0.85 % NaCl solution, was initially subjected to a pretreatment step to release PHA. In this step, the biomass was treated at 100°C for 1 min in a water bath and rapidly cooled to 55°C, then stored at −20°C. 1 % SDS solution was added to this pretreated pellet, which was then held at 55°C for 15 min to effectively solubilize lipids and protein, followed by centrifugation (8,000 rpm at 4°C for 10 min). The resultant cell pellet was then treated with 30 % NaOCl solution at 30°C for 1 min to remove peptidoglycan and non-PHA biomass. PHA was then recovered by centrifugation (8,000 rpm at 4°C for 10 min), washed with acetone, ethanol, and lasty, with distilled water, and then airdried in (Law and Slepecky 1961) . The extracted PHA was analyzed spectrophotometrically at 235 nm (Law and Slepecky 1961 ) using a Shimadzu UV-visible spectrophotometer (Japan). The cell dry weight (CDW) in grams per liter was determined. From the results obtained for cell dry weight and PHA concentration, the PHA content (mg/g of CDW) was calculated.
Characterization of Vibrio sp. strain BTKB33
Phenotypic characterization
Phenotypic characterization of the Vibrio sp. BTKB33 was performed using Hi-Vibrio identification systems (HiMedia, Mumbai, India) and involved 12 biochemical tests: Voges Proskauers's test, arginine dihydrolase test, 1 % salt tolerance test, ONPG test, citrate utilization test, ornithine, mannitol, arabinose, sucrose, glucose, salicin, and cellobiose utilization tests; extracellular enzyme profiling by various plate assay methods (Kazanas 1968; Zierdt and Golde 1970; Hankin et al. 1971; Furniss et al. 1978; Nautiyal 1999; Kasing et al. 2000; Anuradha et al. 2007 ) was also performed.
Genotypic characterization
A portion of the 16S rDNA was amplified using a primer pair for 16S rDNA (Reddy et al. 2000) using the isolated and purified Genomic DNA (Sambrook et al. 2000) . The PCR amplification products were purified by Clean Genei Kit (Bangalore Genei Pvt. Ltd., Bangalore, India), and the nucleotide sequence was determined by ABI Prism 310 Genetic analyzer using the BigDye Terminator kit (Applied Biosystems, USA). The sequence obtained was submitted to the GenBank database, and an accession number was assigned. The identity of the sequence was determined by comparing the 16S rDNA sequence with the sequences available in the public nucleotide databases at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm. nih.gov) and the BLAST (Basic Local Alignment Search Tool) algorithm. The sequences were aligned and the phylogenetic tree was constructed using the neighbor-joining method (Saitou and Nei 1987) using Molecular Evolutionary Genetics Analysis (MEGA) software version 5.0.
Fourier transform infrared analysis
The extracted polymer was dissolved in boiling chloroform, and the polymer film was subjected to FTIR analysis after evaporation of the chloroform (Hong et al. 1999 ) in order to identify the exact molecule of PHA. A standard PHB purchased from Sigma-Aldrich, USA was also subjected to FTIR analysis. The spectrum was recorded using a spectrometer (Thermo Nicolet, Avatar 370) between wave numbers of 4,000 and 400 cm −1.
Optimization of bioprocess variables and media constituents
Various bioprocess parameters and media constituents were optimized for maximizing production of PHA under submerged fermentation using the medium described above. PHA accumulation at different levels of pH (3, 4, 5, 6, 7, 8, 9 and 10), incubation temperature (25, 30, 35,40, 45 and 50°C) , sodium chloride concentrations (1, 2, 3, 4, 5, 10, 15 and 20 %), agitation (0, 80, 100, 120 and 150 rpm), age of preinoculum (6, 9, 12,15,18, 21 and 24 h) , and initial inoculum concentrations (1, 2, 3, 4, 5, 10, 15 and 20 %) were studied. Optimum incubation time was determined by incubating the production medium for a total period of 96 h and analyzing the samples at regular intervals of 6 h.
The effect of an inorganic N source on PHA production, PHA content, and CDW was studied by the addition of ammonium sulphate, ammonium nitrate, ammonium hydrogen phosphate, ammonium chloride, ammonium ferrous sulphate, sodium nitrate, and potassium nitrate individually at 0.05 % (w/v) level, replacing the inorganic N source of the PHA production medium described earlier. A medium without any inorganic N source was used as a control. The effect of inorganic salts was studied by the addition of MgSO 4 , CaCl 2 , ZnSO 4 , KCl, FeSO 4 , MgSO 4 , MgCl 2, and CoCl 2 individually at a 0.02 % (w/v) level, replacing the inorganic salt source of the PHA production medium described earlier; a medium without any inorganic salts served as a control. The effect of various C sources was studied by the addition of glucose, glycerol, lactose, mannitol, sodium acetate, starch, and sucrose individually at a level of 1 % (w/v), replacing the C source of the PHA production medium described earlier; a medium without any C source was used as a control. PHA production (g/L), PHA content (mg/g of CDW), and CDW (g/L) were determined for all the samples of the different experiments, which were conducted in triplicate.
Results
From among the 828 isolates obtained from marine sediments identified by routine biochemical tests as Vibrio sp., 513 (62 %) isolates emitted pink fluorescence on exposure to UV light after the fluorescent Nile blue sulphate staining method, indicating that they were able to accumulate PHA. Hence, they were segregated as potential PHA producers. Based on the preliminary plate assay and quantitative spectrophotometric analysis of fermented broths, Vibrio sp. strain BTKB33, which recorded maximum PHA production of 0.21 g/L and PHA content of 193.33 mg/g of CDW, was selected as the potential strain for further optimization studies towards maximizing PHA production under a submerged fermentation process.
The biochemical characteristics of the Vibrio sp. BTKB33 strain are as represented in Table 1 . The strain produced several industrially important hydrolytic enzymes which included caseinase, amylase, lipase, gelatinase, and DNase. On comparson with partial sequences of 16S rDNA of other vibrios in the NCBI database, the Vibrio sp. BTKB33 strain recorded maximum identity with V. azureus strain VPMP45 (Accession no. 663915). The phenotypic characterization also confirmed the identification of strain BTKB33 as V. azureus (Yoshizawa et al. 2009 ). The nucleotide sequence was deposited in the GenBank database with accession number HM346671. The phylogeny based on partial 16S rDNA sequences of Vibrio sp. BTKB33 and related Vibrio sp. is shown in Fig. 1 . In the tree, the strain BTKB33 is grouped with V. azureus strains to form a major clade, but within the clade, it grouped with V. azureus strain VPMP45, showing divergence from the rest.
FTIR analysis The FTIR spectrum of purified PHA extract from Vibrio sp. BTKB33 is represented in Fig. 2a . The FTIR spectrum of the purified PHA extracted from Vibrio sp. BTKB33 was compared with that of standard PHB (SigmaAldrich, USA) as represented in Fig. 2b and with previous reports. It was inferred that there was maximum resemblance between the spectrum of Vibrio sp. BTKB33 and that of polyhydroxybutyrate (PHB).
Optimization of bioprocess variables for PHA production by Vibrio azureus BTKB33 Effect of initial pH and temperature From the results presented in Fig. 3a , it was observed that V. azureus BTKB33 could accumulate PHA over a wide range of pH from 6 to 9, though maximal PHA was recorded with pH 7 (0.22 g/L). Cell dry weight measurement and PHA content at pH 7 was 1.13 g/L and 193.03 mg/g of CDW, respectively. Little or no PHA production was observed at pH levels<6 and>pH 9. Results presented in Fig 3b for the effect of temperature on PHA production in V. azureus BTKB33 indicated that the optimum temperature for maximal PHA production was between 30-35°C. PHA production at 35°C was recorded as 0.25 g/L. The cell dry weight and PHA content of the strain were also maximum at 35°C (1.39 g/L and 177 mg/g of CDW respectively).
Effect of sodium chloride concentration and agitation With respect to the effect of NaCl concentration in the medium, the results are as documented in Fig. 3c ; it was inferred that PHA concentration (0.23 g/L) and PHA content (183.45 mg/g of CDW) were increased up to 1.5 % of NaCl, while maximal cell dry weight (1.3 g/L) was noted at 2 % NaCl concentration. It was evident from the results presented in Fig. 3d that agitation is essential for enhanced PHA production in V. azureus BTKB33 since there was little production in stationary cultures. PHA production (0.24 g/L) and PHA content (180.87 mg/g of CDW) were highest at 120 rpm. The PHA production and PHA content were almost similar in all tested agitation rates. The cell dry weight increased with increased agitation speed, and CDW was 1.47 g/L at 150 rpm.
Effect of inoculum age and inoculum concentration Results presented in Fig. 3e showed that the PHA accumulation varied in response to variation in age of the primary inoculum. Specifically, maximal PHA production (0.31 g/L) was recorded with 12 h inoculum, and there was reduced PHA accumulation with other inoculum ages. The PHA content and CDW were also at enhanced levels when primary inoculum of 12 h was used (204.39 mg/g of CDW and 1.5 g/L). The inocula with lesser age (6 and 9 h) yielded relatively lower levels of PHA. With respect to initial concentration of inocula, it was observed that 2.5 % inoculum concentration supported maximum PHA production (0.37 g/L) and PHA content (221.45 mg/g of CDW) compared to other levels (Fig. 3f) . However, the CDW increased along with increased inoculum concentration, and 10 % inoculum yielded maximum CDW for the bacterium (2.2 g/L).
Effect of incubation time
Results from studies on the effect of incubation period on PHA accumulation in V. azureus strain BTKB33 are represented in Fig. 4a . It was noted that maximum PHA accumulation occurred at 36 h incubation (0.21 g/L), although PHA accumulation increased along with an extended incubation period up to 36 h and then gradually declined on further incubation. The PHA content was at maximum at 12 h Effect of inorganic nitrogen sources, inorganic salts, and carbon sources With respect to the impact of inorganic nitrogen sources in the production medium, it was found that there was an enhanced PHA production, PHA content, and cell dry weight compared to control in the presence of all the nitrogen sources tested (Fig. 4b) . It was observed that PHA production (0.32 g/L) and PHA content (240.14 mg/g of CDW) were maximum in the presence of ammonium chloride as the inorganic nitrogen source, and CDW was highest with sodium nitrate (2.85 g/L). It was evident from the experiments that use of inorganic salts like MgSO 4 , MgCl 2, ZnSO 4 , CaCl 2, and KCl had a positive effect on PHA production (Fig. 4c) . Maximum PHA production and PHA content (225.52 mg/g of CDW) were supported by MgSO 4 (0.36 g/L), while CDW was highest in the presence of CaCl 2 (2.8 g/L). In the case of different carbon sources tested for their effect on PHA production, it was noted that glucose as a carbon source in the minimal medium led to maximal PHA production (0.48 g/L) and PHA content (426.88 mg/g of CDW) (Fig. 4d ). The CDW was higher when glycerol was used as a C source (1.38 g/L). From the "one-factor-at-a-time" optimization method, a 2.28-fold increase in PHA production was observed.
Discussion
The microorganisms of marine environments remain an untapped resource, although it has immense potential to provide not only industrially important biomaterials such as biopolymers but also several other biomaterials besides novel genes and novel enzymes. It may be noted that occurrence of PHAs in highly diverse and challenging environments like mangroves (Rawte et al. 2002) , marine sediments, (Chien et al. 2007 ) and antarctic areas (Ayub et al. 2004 ) has been previously reported. In the present study, it was also noted that 62 % of the isolates of Vibrio sp. obtained from marine benthic environments, which are a rich source for several biomaterials, were identified as PHA producers. In fact, several species of the genus Vibrio have been reported to produce PHA (Sun et al. 1994; Rawte and Mavinkurve 2004; Chien et al. 2007; Arun et al. 2009; Wei et al. 2011 ). Our present study indicates higher incidence of PHA accumulation in Vibrio sp. inhabiting marine sediments. The 16S rDNA sequence analysis and biochemical tests helped to identify Vibrio sp. strain BTKB33 as V. azureus. There are several reports on PHA accumulation in Vibrio sp. like V. harveyi (Sun et al. 1994) , V. nereis (Rawte and Mavinkurve 2004) , V. natriegens (Chien et al. 2007 ), V. fischeri (Boyandin et al. 2008) , Vibrio sp. strain MK4 (Arun et al. 2009) , and Vibrio sp. BM-1 (Wei et al. 2011) . Phylogenetic tree analysis suggests the interspecies variation of the 16S rDNA sequence of Vibrio sp. strain BTKB33 with the related taxa. The negative hemolytic screening test and tests for virulence genes like ctxB, tox R, and zot in the strain BTKB33 (data not shown) showed that the isolate is nonpathogenic. Vibrio sp. strain BTKB33 produced multiple hydrolytic extracellular enzymes. This ability may serve the bacterium when cheap, diverse, and complex organic material may be used as a carbon source in PHA production.
FTIR spectral analysis of extracted PHA from BTKB33 indicated the presence of functional groups of PHB. The presence of a band at 1,736.90 cm −1 in FTIR spectroscopy of extracted PHAs from Vibrio sp. BTKB33 indicated the presence of C=O grou,ps and this result confirmed the presence of PHAs in this strain (DeSmet et al. 1983; Hong et al. 1999; Kansiz et al. 2000) . In these polymers, the carboxyl group of one monomer forms an ester bond with the hydroxyl group of the neighboring monomer (Madison and Huisman 1999) . The typical spectra of methyl and methylene groups in the purified PHAs could be observed in the regions between 3,415.71 cm −1 and 2,861.70 cm −1
. The smaller bands obtained at 2,926.79 cm −1, which indicated the presence of a methyl group, also implied the presence of PHB in the strain BTKB33 (Hong et al. 1999 ). In the FTIR spectrum, stretching between 3,415.71 and 1,452.04 cm −1 indicated C-H stretching and bending (Desmet et al. 1983) , and the band at 1,395.39 cm
indicated the presence of a methyl group (DeSmet et al. 1983; Castillo et al. 1986 ). The presence of a spectral band at 1,290.08 cm −1 is characteristic for PHB (Hong et al. 1999) .
The bands at 1,233.23 and 1,052.71 cm −1 may be contributed by the presence of polyhydroxybutyrate (PHB) within them (Kansiz et al. 2000) . The FTIR spectra of the extracted PHAs (Fig. 2a) from Vibrio sp. BTKB33 was compared with the FTIR spectrum of standard PHB (Fig. 2b) . Based on the comparison with standard PHB and from previous reports (DeSmet et al. 1983; Castillo et al. 1986; Hong et al. 1999; Kansiz et al. 2000) , it was inferred that the FTIR spectra of P H A e x t r a c t e d f r o m Vi b r i o s p . B T K B 3 3 w a s polyhydroxybutyrate (PHB). In their studies on PHA accumulation in vibrios from marine sediments, Chien et al. (2007) reported that Vibrio sp. harbored only PHB and no other type of PHA, and pointed out that the diversity of PHAs produced in marine environments may be not as versatile as found in other environments. In this study, PHA accumulation was dramatically reduced at acidic pH, while pH≥7 up to pH 9 supported PHA accumulation. A pH of 7 was optimal for PHA production, and similar observations have been previously reported in certain Vibrio sp. (Rawte and Mavinkurve 2004; Arun et al. 2009 ), clearly indicating the influence of pH on PHA accumulation. Similar results have also been reported in Haloferax mediterranei (Lillo and Valera 1990) , Alcaligenes latus (Palleroni and Palleroni 1978) , and Bacillus sphaericus NCIM 5149 (Ramadas et al. 2009 ). The effect of incubation temperature on PHA production is known to vary among genera and is a critical control parameter. In the present study 37°C was found as optimal for PHA production (0.36 g/L) in V. azureus BTKB33. Whereas the optimal temperature for PHA production in Cupriavidus taiwanensiswas 30°C (Wei et al. 2011 ), a higher temperature of 45°C was favorable for PHA production in Haloferax mediterranei (Lillo and Valera 1990) .
Agitation is clearly a requirement for PHA production in V. azureus BTKB33 since there was low PHA production in stationary cultures. In the present study PHA production was observed to be increased with increases in agitation speed. This observation may be attributed to increases in oxygen transfer and mass transfer rates due to increased surface area of contact among media components. However, the decrease in PHA production observed at 150 rpm may be due to shearing stress on the organism due to greater agitation. There are reports that application of stress during fermentation induces PHA accumulation (Ayub et al. 2004; Obruca et al. 2010) . The ability of Rhizobium DDSS-69 for PHB accumulation under NaCl stress has been pointed out (Natarajan et al. 1995) . PHA production by V. azureus BTKB33 was observed to be at maximum at 1.5 % NaCl. This observation can be attributed to the marine origin of the isolate. These results were in agreement with PHA production in Vibrio sp. BM-1 reported earlier (Wei et al. 2011) , where PHA production increased with NaCl concentration up to 1.8 %. In fact NaCl in the medium has enhanced PHA production in Vibrio sp. (Chien et al. 2007; Arun et al. 2009 ), and a maximum was recorded at 30 % NaCl (Arun et al. 2009 ). The present study confirmed the crucial role of NaCl concentration in the PHA accumulation process in vibrios. This finding reflects the necessity of controlling the salinity of the medium during cultivation within a proper range to prevent high osmotic stress and its effect on polymer production (Wei et al. 2011) .
PHA production in the current study varied widely with differences in preinoculum age, and this obviously is also an important factor to be considered in production studies while preparing the seed inoculum samples for PHA production. 12-h-old preinoculum gave maximum PHA accumulation in the present study. Mid-log cultures could probably efficiently employ the PHA synthetic machinery, mediated by PHA synthase genes, when compared to other stages of culture. In a similar fashion in the case of Bacillus sp., 16-h-old preinoculum was optimal (Ramadas et al. 2009 ). Santhanam and Sasidharan (2010) pointed out that optimization of the initial microbial load is paramount to PHA production studies. PHA production by V. azureus BTKB33 increased with initial inoculum concentration up to 2.5 %, while concentrations above 2.5 % did not result in further increases. One reason for this effect may be that higher volumes of bacterial cells rapidly utilized the already accumulated intracellular PHA granules as a carbon and energy source (Yamane et al. 1996; Santhanam and Sasidharan 2010) . In organisms like Alcaligenes eutrophus, Alcaligenes latus, and Pseudomonas oleovorans, PHA accumulation was low at high concentration (5 %) of inoculum (Yamane et al. 1996) . Similar observations were reported in Bacillus sphaericus NCIM 5149 (Ramadas et al. 2009 ). In Bacillus sp. CFR 256, 1 % initial inoculum was reportedly favorable for PHA production (Vijayendra et al. 2007) , and for certain Bacillus sp. a higher 10 % inoculum concentration was desirable (Valappil et al. 2007) .
Although all the inorganic nitrogen sources enhanced production by V. azureus BTKB33, ammonium chloride optimized production. In fact, the suitability of ammonium chloride as an inorganic nitrogen source has been reported earlier for Alcaligenes eutrophus (Koutinas et al. 2007 ), Rhodopseudomonas palustris KU003 (Ramachander et al. 2010) , and Sinorhizobium fredii (Liangqi et al. 2006) , while ammonium sulphate was the preferred inorganic nitrogen source for PHA accumulation in certain Vibrio sp. (Arun et al. 2009 ) and in Pseudomonas sp. LDC-5 (Saranya and Shenbagarathai 2010) .
Inorganic salts play an important role in PHA accumulation (Lee et al. 2007 ). Magnesium sulfate followed by MgCl 2, ZnSO 4, and CaCl 2 supported PHA production by the V. azureus BTKB33 strain. Inorganic salts like MgSO 4 and MgCl 2 affect monomer composition in PHAs, wherein concentration of Mg 2+ affected the biosynthesis of P (3HB-co-4HB) in Delftia acidovorans by impacting glucose uptake from the culture medium (Lee et al. 2007) . A positive influence of CaCl 2 supplementation in PHA production was also reported earlier (Saranya and Shenbagarathai 2010) .
Glucose was found to be an ideal carbon source for maximizing PHA accumulation in V. azureus BTKB33. Previous studies in Vibrio sp. (Rawte et al. 2002; Arun et al. 2009 ), Alcaligens eutrophus (Santhanam and Sasidharan 2010), and Alcaligens latus (Santhanam and Sasidharan 2010) have also reported high PHA concentration with glucose as a carbon source. Additionally, in this study, glycerol as a C source also supported PHA production and has been reported for PHA production in certain other Vibrio sp. (Chien et al. 2007; Wei et al. 2011 ). These observations suggest the possible utilization of cheap industrial byproducts like glycerol in industrial production of PHAs from V. azureus BTKB33 in the future. Of course in the present study, all the substrates used as the sole carbon source were found to enhance PHA production, although glucose supported maximal PHA production.
Incubation time is an important factor that influences enhanced accumulation of PHA in bacteria and consequent industrial production of PHAs. In the present study, PHA production was observed to commence after 12 h of incubation and peaked at 36 h, although with a decline upon further incubation. This may be due to utilization of accumulated PHAs by the organism (Nam and Ryu 1985; Benoit et al. 1990 ). PHAs may be utilized as a carbon source for survival, causing a reduction of PHA accumulation at higher incubation periods (Yamane et al. 1996; Santhanam and Sasidharan 2010) . Reports indicate that PHA accumulation in marine vibrios begins at the late log phase, reaching maximum at the stationary phase of growth (Rawte and Mavinkurve 2004) . However, in Rhodopseudomonas palustris KU003 (Ramachander et al. 2010) , the maximum accumulation of PHAs was during the exponential phase. Ralstonia eutropha accumulated PHB at the stationary phase (Madison and Huisman 1999) . In the studies of Ramadas et al. (2009) on PHA accumulation in Bacillus sphaericus NCIM 5149, incubation up to 28 h favored PHA accumulation, which declined thereafter. In the present study, however, V. azureus BTKB33 recorded maximal PHAs during the mid-log phase, unlike other vibrios. The fact that the organism can accumulate maximal PHA could have a positive impact when utilizing the organism for industrial production of PHAs, particularly in achieving economic production, since incubation time directly influences production cost.
Conclusion
Vibrio azureus BTKB33 with the potential for accumulating PHB was isolated from marine benthic environments. The various bioprocess parameters and media constituents were optimized for enhanced PHB production under submerged fermentation conditions. The strain was found to elaborate several industrially important exoenzymes in addition to accumulating PHB internally. Based on the results, it is concluded that the strain can be further manipulated in the future for possible utilization of diverse substrates as a C source for industrial production of PHB, which has biomedical applications besides use in bioplastics. It is also speculated that the marine benthic environment could serve as a mine for recovering several PHA-accumulating strains, which may include other species besides Vibrio sp.
